ABSTRACT. A fibroblast cell line derived from LEC rat was approximately twofold more sensitive to heat treatment at 45°C than were that from WKAH rat in terms of heating time required to attain 50% loss of survival in a colony forming assay. The present study was carried out for understanding the mechanism underlying the higher sensitivity of LEC rat cells to heat treatment. Although apoptosis was not found in WKAH rat cells, the percentages of apoptotic cells in LEC rat cells significantly increased after heat treatment. LEC rat cells showed significantly lower sensitivity in induction of cell death and apoptosis to ceramide, a lipid signaling molecule that is associated with heat-induced apoptosis, than did WKAH rat cells. SP600125, an inhibitor of JNK suppressed the induction of cell death in both heated LEC and WKAH rat cells, but SB203580, an inhibitor of p38 mapk, did not. The relative surviving fractions of heated LEC and WKAH rat cells in the presence of both SB203580 and SP600125 were higher than those of cells in the presence of SP600125 alone. The amounts of hsp70 protein in WKAH rat cells increased from 4 to 12 hr after heat treatment, but did not in LEC rat cells. These results suggest that higher thermosensitivity in the fibroblast cell line from LEC rat is due to low inducibility of hsp70 protein after heat treatment. KEY WORDS: apoptosis, cell death, heat treatment, JNK, LEC rat cell.
Cellular stresses, including stress caused by heat treatment, impair numerous physiological functions, damage cellular structures, and can lead to cell death. Generally tumor tissue cells have greater sensitivity to heat treatment than do normal tissue cells [14] . Therefore, hyperthermia that achieves temperature in a range from 40 to 45°C are used in clinical practice to treat many types of human and animal malignancies [1] . There is growing evidence of a beneficial effect of hyperthermia when combined with ionizing radiation or anticancer drugs [7, 20, 29] . Hyperthermia sensitizes mammalian cells to ionizing radiation [2, 4] . The potential benefits of combining heat and ionizing radiation in the clinic might be maximized if the molecular mechanisms underlying radiosensitization by hyperthermia are elucidated. Ionizing radiation induces the formation of DNA double strand breaks (DSBs), and DSBs cause major lethal damage to cells unless repaired [23] . Radiosensitization is believed to be caused by an inhibition of repair of radiation-induced DSBs by hyperthermia [6, 22] . However, the mechanism by which heat actually inhibits DSBs repair remains to be elucidated. It has been reported that hyperthermia causes denaturation and aggregation of proteins and that denatured and aggregated proteins mask sites of radiation-induced DNA damage, resulting in interference of the function of repair proteins by limiting their accessibility to DSBs [24, 32] . Alternatively, it has been suggested that inactivation of DNA repair enzymes by hyperthermia is directly responsible for inhibition of repair and radiosensitization [13, 26, 35] . However, Wachsberger and Iliakis [30] reported that hyperthermia does not affect rejoining of DNA DSBs in a cell-free assay. Therefore, the relation between radiosensitization induced by heat treatment and ability of DSBs repair is still controversial. Furthermore, it has been reported that hyperthermia induces apoptosis in a variety of cells [5, 18] . Ostapenko et al. [19] showed that M10 cells, which are deficient in the repair of DNA DSBs and are radiosensitive, are about twofold more thermoresistant than their parental L5178Y cells. However, the relationship between sensitivity of cells to heat-induced apotosis and cellular ability of DSBs repair remains unclear.
The LEC rat strain was established at the Center for Experimental Plants and Animals, Hokkaido University [26] . Rats of this strain suffer from spontaneous fulminant hepatitis associated with severe jaundice at about 4 months of age. Other characteristics of LEC rats are a high incidence of spontaneous liver cancer in long-surviving individuals [33] and an increased sensitivity in vivo and in vitro to ionizing radiation [9, 16] . In our previous studies, we found that fibroblast cell lines from LEC rats were more sensitive to X irradiation than were cells from a control strain of WKAH rats and that cells from LEC rats had a reduced level of repair of DSBs induced by X irradiation [9, 17] . In the course of our study on the mechanisms of radiosensitizing effects elicited by hyperthermia using DSBs repair-deficient LEC rat cells, we found that a fibroblast cell line from LEC rat is more sensitive to heat treatment than are that from WKAH rat. A number of cellular stress conditions, including hyperthermia, activate the mitogen-activated protein kinase (mapk) cascade, and this signaling pathway has been implicated in mediating the apoptosis process [15, 28, 31, 34] . It has been reported that apoptotic cell death and mapk activation induce by heat treatment are associated with increased levels of a lipid signaling molecule, ceramide [3, 15, 28, 31] . On the contrary, cells respond to stress by adaptive changes that prevent cell death. A level of the thermotorelance is quantitatively related to the absolute levels of a group of heat-induced proteins, particularly hsp70, first suggested that the heat shock proteins plays a protective role in cell survival [11, 12, 27] . It has been reported that increased level of hsp70 inhibited mapk activation [15] . In the present study, for understanding the mechanism underlying the higher sensitivity of LEC rat cells to heat treatment, we examined the effects of ceramide and mapk inhibitors on the cell death and level of hsp70 in LEC rat cells after heat treatment.
MATERIALS AND METHODS

Culture of cells and drug treatments:
Rat fibroblast cell lines were established from lungs of LEC and WKAH rats by SV 40 immortalization as described previously [8] . The cells were grown in a monolayer culture in Eagle's minimum essential medium (MEM) containing 10% fetal calf serum. The cell cultures were kept at ambient humidity and 37°C in an atmosphere containing 5% CO 2 .
SB203580 (Wako Chemicals Co.), an inhibitor of p38 mapk, and SP600125 (Calbiochem Co.), JNK inhibitor II, were dissolved in dimethyl sulfoxide (DMSO). Ceramide (N-acetyl-D-sphingosine, Sigma Aldrich Chemical Co.) was dissolved in ethanol.
After the medium had been removed from the plates, the cells were washed with phosphate-buffered saline (PBS), pH 7.2, treated with SB203580 at 40 µM and/or SP600125 at 50 µM for 30 min, and then treated at 45°C for 1 hr. After heat treatment, the cells were incubated at 37°C for 4 hr in the presence of inhibitors. After the medium containing the drug had been removed, the cells were washed with PBS. Fresh MEM was added to the plates and the plates were returned to the incubator. The relative surviving fraction was calculated as the surviving fraction of cells with an inhibitor/the surviving fraction of cells without an inhibitor.
The cells were washed with PBS and treated with ceramide at concentrations from 0 to 80 µM for 1 hr. After the medium containing the drug had been removed, the cells were washed with PBS. Fresh MEM was added to the plates and the plates were returned to the incubator.
Colony-forming assay: Cell survival was determined using the conventional colony-forming assay. Propagated cells were collected by trypsinization, and 2-50 × 10 2 viable cells were plated into 6-cm dishes. After the cells had been treated with heat and/or drugs, the cells were incubated for 2 weeks. The plates were methanol-fixed and stained with May-Grunwald and Giemsa, and then colonies containing more than 50 cells were counted as survivors under a dissecting microscope.
Flow cytometry: Apoptotic cells were labeled with fluorescein-dUTP by using a Mebstain apoptosis kit direct (Medical & Biological Laboratories Co.) according to the manufacturer's instructions. Briefly, after treatment with heat or ceramide, logarithmically growing cells (1 × 10 6 ) were incubated in growth medium at 37°C for 0-72 hr and collected. The cells were washed several times with PBS containing 0.2% BSA. The cells were fixed with 0.1 M NaH 2 PO 4 containing 4% paraformaldehyde at 4°C for 30 min, washed 2 times with PBS containing 0.2% BSA, and then pelleted by centrifugation at 500 × g. The cells were fixed in 5 ml of cold 70% ethanol for 30 min at room temperature and stored at -20°C. Just prior to flow cytometric analysis, individual samples were labeled with fluoresceindUTP. Fluorescence was measured with a Coulter EPICS EL flow cytometer using a 530-nm filter. The percentage of apoptotic cells was determined using multicycle software.
Immunoblotting: After treatment of the cells (1 × 10 6 to 5 × 10 6 ) at 45°C for 1 hr, the cells were incubated at 37°C for 0-12 hr, harvested by trypsinization, washed with PBS, and then pelleted by centrifugation at 500 × g. The cells were counted and solubilized in Laemmli sample buffer as described by Kastan et al. [10] . A modified Lowry assay was used to quantitate relative protein levels in the samples, and extracts were loaded so that equivalent cell numbers and/or equivalent protein amounts were loaded in each comparable set of lanes. After sodium dodecyl sulfate-polyacrylamide gel electrophoresis and wet electrotransfer (Mini TransBlot Cell, BioRad) to polyvinylidene fluoride (PVDF) paper (Immobilon-P, Millipore), equivalent protein loading was confirmed by staining the PVDF paper with amido black. A polyclonal goat IgG antibody to hsp70 and a peroxidase-labeled anti-goat IgG antibody were obtained from Santa Cruz Biotechnology Inc. The proteins were detected with Super signal West Pico (Pierce Co.) according to the protocols provided by the manufacturers.
Statistics analysis: Statistical analysis was performed using Student's t test and p<0.05 was considered significant. Data are expressed as the mean ± standard deviation.
RESULTS
When the cytotoxic effect of heat treatment at 45°C on cell survival was examined using a colony-forming assay, it was found that the surviving fractions decreased in both fibroblast cell lines from LEC and WKAH rats in a heating time-dependent manner and that LEC rat cells showed significantly higher sensitivity to heat treatment than did WKAH rat cells (Fig. 1) . The periods of treatment required to reduce cell survival to 50% (ET 50 ) were approximately 1 hr for LEC rat cells and 2 hr for WKAH rat cells. To determine whether the high sensitivity of LEC rat cells to heat treatment is due to induction of apoptosis by heat treatment, the apoptotic cells were analyzed using a flow cytometer after heat treatment for 1 and 2 hr at 45°C. A significant percentage of apoptotic cells was not found in WKAH rat cell populations from 0 to 72 hr after heat treatment (Fig. 2) . In contrast, the percentages of apoptotic cells had significantly increased at 72 hr after heat treatment for 1 hr and at 48 and 72 hr after heat treatment for 2 hr in LEC rat cells. The proportion of apoptotic cells in the total LEC rat cell population was approximately 70% at 72 hr after heat treatment for 2 hr (Fig. 2) .
We examined the effects of treatment of LEC rat cells with ceramide on cell death and induction of apoptosis to determine whether the higher sensitivity of LEC rat cells to heat treatment is due to the higher sensitivity to ceramide. When the cytotoxic effects of ceramide on cell survival were examined using a colony-forming assay, it was found that the surviving fractions decreased in both LEC and WKAH rat cells in a dose-dependent manner by treatment with ceramide and that LEC rat cells showed significantly lower sensitivity to ceramide than did WKAH rat cells (Fig.  3) . When the apoptotic cells were analyzed after treatment with ceramide at 80 µM, the percentages of apoptotic cells significantly increased in a post-incubation time-dependent manner after treatment with ceramide. The proportion of apoptotic cells in the total WKAH rat cell population was significantly higher than the proportion of apoptotic cells in the total LEC rat cell population at 48 and 72 hr after treatment with ceramide (Fig. 4) .
To investigate whether mapk pathway is associated with high sensitivity of LEC rat cells to heat treatment, we examined the inhibitory effects of SB203580, an inhibitor of p38 mapk, and SP600125, a c-Jun N-terminal kinase (JNK) inhibitor on induction of cell death of LEC rat cells by heat treatment. The relative surviving fraction of cells was normalized in such a way that each surviving fraction of LEC and WKAH rat cells treated at 45°C for 1 hr without an inhibitor was 1.0. SB203580 showed no inhibitory effect on cell death in either LEC or WKAH rat cells (Table 1 ). The surviving fractions of both heat-treated LEC and WKAH rat cells increased in the presence of SP600125 compared with those of heat-treated cells without SP600125. The relative surviving fraction of WKAH rat cells was significantly higher than that of LEC rat cells in the presence of SP600125. Furthermore, the relative surviving fractions of LEC and WKAH rat cells in the presence of both SB203580 and SP600125 were higher than those of cells in the presence of SP600125 alone.
The amounts of hsp70 protein in LEC and WKAH rat cells were analyzed by immunoblotting after heat treatment at 45°C for 1 hr and typical results were shown in Fig. 5 . In WKAH rat cells, intensified bands of hsp70 protein were observed from 4 to 12 hr after heat treatment compared with the bands of hsp70 protein from untreated cells. In LEC rat cells, the band intensity had not increased at 4 hr after heat treatment compared with the bands of hsp70 protein from untreated cells. Intensity of the bands in LEC rat cells was weaker than that in WKAH rat cells from 6 to 12 hr after heat treatment.
DISUCUSSION
In the present study, we found that LEC rat fibroblast cell lines showed significantly higher sensitivity to heat treatment at 45°C than did WKAH rat cells in colony forming assay (Fig. 1) . LEC rat cells were approximately twofold more sensitive to heat treatment than were WKAH rat cells in terms of ET 50 . LEC rat cells also showed a higher sensitivity to induction of apoptosis by heat treatment. Therefore, the higher sensitivity of LEC rat cells in cell death to heat treatment may be at least partly responsible for the higher sensitivity to induction of apoptosis. Ostapenko et al. [19] showed that M10 cells, which are deficient in the repair of DNA DSBs and are radiosensitive, are about twofold more thermoresistant than their parental L5178Y cells. However, since LEC rat cells are highly radiosensitive and are deficient in DSBs repair [9, 17] , present results suggest that sensitivity of cells to heat-induced cell death is not directly associated with the radiosensitivity and the ability of repair of DSBs.
It has been reported that apoptosis induced by heat treatment is associated with increased levels of ceramide [3, 28, 31] . LEC rat cells did not show high sensitivity to ceramide in cell death and induction of apoptosis. Therefore, sensitivity to ceramide can not account for the high sensitivity of LEC rat cells to heat-induced apoptosis. The reason why LEC rat cells showed less sensitivity than WKAH rat cells to ceramide in induction of cell death and apoptosis is not known. It has been shown that various treatments, including hyperthermia, treatment with inflammatory cytokines, and UV and ionizing radiation, activate mapk, resulting in cell death [31, 34] . Although SB203580, an inhibitor of p38 mapk, showed no inhibitory effect on cell death in either LEC or WKAH rat cells, the surviving fractions of both heat-treated LEC and WKAH rat cells increased in the presence of SP600125, a JNK inhibitor, compared with those of heat-treated cells without SP600125 (Table 1) . These results suggest that JNK plays an important role in induction of cell death of both LEC and WKAH rat cells by heat treatment but that p38 mapk does not. However, since the relative surviving fractions of LEC and WKAH rat cells in the presence of both SB203580 and SP600125 were higher than those of cells in the presence of SP600125 alone, a pathway via p38 mapk, which induced cell death, may be activated by heat treatment when JNK does not work. The relative surviving fractions of LEC rat cells after heat treatment in the presence of SB203580 and SP600125 were the same as those of heat-treated WKAH rat cells in the presence of SB203580 and SP600125. Therefore, a pathway via p38 mapk, which induced cell death, may be more strongly activated in LEC rat cells by heat treatment when JNK does not work. A study on the activation pathway of p38 mapk by heat treatment is now in progress. Increase of hsp70 protein was observed in WKAH rat cells from 4 to 12 hr after heat treatment at 45°C for 1 hr compared with unheated cells (Fig. 5) . In contrast, the band intensity did not increase in LEC rat cells at 4 hr after heat treatment. The band intensity in LEC rat cells was weaker than that in WKAH rat cells from 6 to 12 hr after heat treatment. It is well known that heat-induced proteins, particularly hsp70, play a protective role in cell survival against heat treatment [11, 12, 27] . Since it has been suggested that hsp70 protein is able to block apoptosis by inhibiting signaling events upstream of JNK activation [15] , the increase in hsp70 protein from 4 to 12 hr after heat treatment may inhibit the induction of cell death in WKAH rat cells. On the contrary, the very slightly or no increase in hsp70 protein in LEC rat cells may not inhibit the activation of JNK pathway resulting in the high sensitivity in cell death after heat treatment. Furthermore, it has been reported that transfection of inducible Hsp70 to NIH 3T3 mouse embryo cells conferred radioresistance to the cells as assayed by clonogenic survival [21] . Weak inducibility of hsp70 protein after heat treatment may be one factor of the higher radiosensitivity of LEC rat cells. Whether expression of hsp70 may affect the radiosensitivity in LEC rat cells is also now in progress.
The present study suggests that higher thermosensitivity in the fibroblast cell line from LEC rat is due to low inducibility of hsp70 after heat treatment. However, whether other cells, including primary fibroblast, derived from LEC rat show the higher thermosensitivity and low inducibility of hsp70 remains unelucidated yet. A comparison of thermosensitivity of LEC rat cells with that of cells derived from other rat strains than WKAH rat also may be needed. Since a LEC rat cell line show higher sensitivity to heat treatment and ionizing radiation, and deficiency in DSBs repair, the cell line provides a useful model for understanding the mechanisms underlying radiosensitization by hyperthermia.
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